The microbial diversity of the surface of a commercial red-smear cheese, Livarot cheese, sold 13 on the retail market was studied using culture-dependent and independent approaches. Fourty 14 yeasts and 40 bacteria from the cheese surface were collected, dereplicated using single-strand 15 conformation polymorphism (SSCP) analysis and identified using rRNA gene sequencing for 16 the culture-dependent approach. The culture-independent approach involved cloning and 17 sequencing of the 16S rRNA gene and SSCP analysis from total DNA extracted from the 18 cheese. The most dominant bacteria were Microbacterium gubbeenense, Leucobacter 19 komagatae and Gram-negative bacteria from the Gamma-Proteobacteria class. Fluorescence 20 in situ hybridization (FISH) analysis was also used to study the cheese microbial diversity 21 with class-level and specific rRNA-targeted probes for bacteria and yeasts, respectively. FISH 22 analysis confirmed that Gamma-Proteobacteria were important microorganisms in this 23 cheese. Four specific FISH probes targeting the dominant yeasts present in the cheese, 24
INTRODUCTION 39
Red-smear cheeses are economically important in many European countries. The 40 smear is a red-orange, often viscous, microbial mat that is characterised by a succession of 41 microbial communities, including yeasts and bacteria. During the first days of ripening, yeasts 42 colonise the cheese surface, use lactate and, in some cases, produce ammonia (Gori et al. 43 2007) . These biological activities progressively lead to the deacidification of the cheese 44 surface, enabling the establishment of a bacterial community that is less acid-tolerant. 45
During the last few years, the microbial diversity of smear cheeses has been 46 investigated using both culture-dependent and culture-independent approaches such as rep-47 PCR, FT-IR spectroscopy and 16S rRNA gene sequencing of culturable isolates (Mounier et 48 al. 2005 (Mounier et 48 al. , 2006 Maoz et al. (2003) were the first to report these Gram-negative bacteria 59 in cheese and advanced the hypothesis that these bacteria might be indicative of hygienic 60 problems, e.g., their prevalence might be due to poor growth of coryneform bacteria. 61
However, since the study of Maoz et al. (2003) , these Gram-negative bacteria have been 62 isolated from other traditional European cheeses, including farmhouse and industrially-63 produced cheeses (Mounier et al. 2005; Feurer et al. 2004a Feurer et al. , 2004b Rea et al. 2007; Ishikawa 64 et al. 2007 ). Therefore, they may be considered as components of the cheese surface 65 microbiota originating from the adventitious microbiota of the cheese-making environment. 66
Their abundance in cheese and their role during cheese ripening have thus to be evaluated. 67
Fluorescence in situ hybridization (FISH) is a culture-independent approach for the analysis 68 of complex microbial populations, for example in soil, sediments and activated sludge 69 (Amann et al., 1995) . It has also been used for biodiversity studies in food samples such as 70 cheese (Ercolini et al. 2003a (Ercolini et al. , 2003b Cocolin et al. 2007 ), but these studies have mainly 71 focused on the ecology of lactic acid bacteria. To our knowledge, this technique has not yet 72 been applied for the characterisation of the yeasts and bacteria found at the surface of smear 73
cheeses. 74
The aim of this study was to describe the microbial diversity of a red-smear cheese using 75 culture-dependent and independent approaches. The yeast and bacterial diversity were studied 76 using rRNA gene-based approaches. Probes readily available in the literature or designed in 77 this study were then used to characterise in situ the yeasts and bacteria from the cheese 78 surface using FISH analysis. 79
80

MATERIALS AND METHODS 81
Cheese sample. The cheese studied was a commercial Livarot cheese sold on the retail 82 market. It is a soft surface-ripened cheese, similar to Munster, and made from pasteurised 83 milk. This cheese is generally ripened for at least three weeks at 8-12°C and subsequently 84 stored at 2-4°C for several weeks before being sold to the consumer. 85 86 Microbiological analyses. A piece of the cheese rind (depth: ~4 mm) was removed using a 87 sterile scalpel, and 2% trisodium citrate was added to yield a 1:10 dilution. The mixture was 88 homogenised with a mechanical blender (Ultra Turrax model T25, Labortechnik, Staufen, 89
Germany) at 8,000 rpm for 1 min. Part of this solution was kept for DNA extractions. The 90 bacteria and yeasts were enumerated on Brain Heart Infusion (BHI) Agar (Difco, Detroit, MI, 91 USA) supplemented with 44 mg/l amphotericine B and on Glucose Chloramphenicol Agar 92 (Merck-Eurolab, Fontenay-sous-Bois, France), respectively. The agar plates were incubated at 93 25°C for 3 d. Forty colonies of bacteria and 40 colonies of yeasts were selected at random 94 from countable plates and purified by restreaking twice on agar plates. They were stored at -95 80°C in a 1:1 mixture of Brain Heart Infusion Broth (Difco)-Glycerol until characterisation. 96
97
DNA extraction from cheese and from bacterial and yeast isolates.
For extracting DNA 98 from cheese, 1 ml of the cheese rind/trisodium citrate mixture was centrifuged for 10 min at 99 2700 x g at 4°C and resuspended in 1 ml of TE 10:1 (10 mmol/l Tris-HCl, 1 mmol/l EDTA, 100 pH 8.0). For bacteria and yeast isolates, biomass scraped from BHI Agar cultures that had 101 been incubated for 3 d was suspended in 1 ml of TE 10:1 and centrifuged for 10 min at 2700 x 102 g at 4°C. Cells were then maintained for at least 1h at -20°C. Total DNA was subsequently 103 extracted using the method of Gevers et al. (2001) with the following modification. The lysis 104 buffer contained 1330 U ml -1 lysostaphin and 40 mg ml -1 lysozyme for bacterial isolates, 1330 105 U ml -1 lyticase for yeast isolates and 1330 U ml -1 lysostaphin, 40 mg ml -1 lysozyme and 1330 106 U ml -1 lyticase for cheese samples. primers. The sequences were then assembled using the CAP3 programme (Huang 1996) Fixation of cheese samples for FISH analysis. Cheese rind (2.4 g) was mixed with 10 ml of 183 2% trisodium citrate and homogenised with a mechanical blender (Ultra Turrax model T25, 184
Labortechnik, Staufen, Germany) at 8,000 rpm for 1 min. This mixture was centrifuged and 185 resuspended in 1 ml of 1x PBS (10 mmol/l sodium phosphate buffer, 130 mmol/l NaCl, pH 186 7.2). The sample was then fixed using the PFA-fixation procedure. Five hundred microlitres 187 of the cheese rind mixture were mixed with 1.5 ml of ice-cold 4% paraformaldehyde in 1x 188 PBS and incubated at 4°C for 4 h. The fixed sample was then centrifuged for 5 min at 15,000 189
x g at 4°C and washed three times using 1 ml of 1x PBS. Yeast cell count on the cheese surface was 2.4 x 10 6 CFU/g. Five yeast 236 species, C. catenulata, C. intermedia, Geotrichum candidum, Geotrichum sp. and Yarrowia 237 lipolytica, were identified using culture-dependent analysis (Table 3) and SSCP analysis (data 238 not shown). The isolates identified as G. candidum and Geotrichum sp. had two distinct 239 colony morphotypes as well as two different SSCP patterns (data not shown). Culture-240 dependent analysis showed that C. catenulata with 22 of 40 isolates (55%) followed by 241
Geotrichum spp. with 12 of 40 isolates (30%) dominated the yeast flora. Their growth may also be promoted if the cheese is stored at an inadequate temperature 292 between the time of cheese manufacture and sale at the retail market. It would be necessary to 293
follow Gamma-Proteobacteria dynamics during ripening and subsequent storage to validate 294 these hypotheses. 295
In this study, the bacterial and yeast diversity at the surface of Livarot cheese surface 296 was investigated using both culture-dependent and culture-independent techniques. This is not 297 the first time that such techniques have been combined to study smear cheese diversity. 298 alvei which were only identified using SSCP analysis and the culture-dependent approach. 311 This could explain why these two species were not detected using the cloning and sequencing 312 strategy. Using these universal primers, the absence of amplification of the 16S rRNA gene 313 has already been found for other bacteria from cheese (Feurer et al. 2004a). DNA from dead 314 cells may also have been amplified. Moreover, in this study, the isolation of bacterial clones 315 was only performed on one medium that contained 0.5% NaCl, whereas for example, optimal 316
NaCl concentration for growth of moderately halophilic bacteria is in the range of 3.5-8% 317 important yeast species in Livarot cheese. This molecular approach proved to be useful for 334 detecting and enumerating these yeast species directly in cheese. However, it appeared that 335 DNA extraction yields from cheese were low, with extraction yields varying between 0.4% 336 and 10.5% (Larpin et al. 2006 ). In the present study, four specific FISH probes for C. 337 catenulata, Geotrichum spp., C. intermedia and Y. lipolytica were designed, evaluated both in 338
pure cultures and in a cheese sample, and were found to be efficient in detecting these four 339 yeast species. To our knowledge, these probes are the first probes described for detecting 340
yeasts that are common in cheese. These probes may be used for absolute quantification or for 341 the study of yeast diversity in cheese. 342
Only one cheese was sampled in this study and it raises the question of whether the 343 yeast and bacterial species identified are representative of the microbiota of Livarot cheese. 344
They are likely to be representative since the same species of yeasts were found in another 345 batch of the same cheese (Larpin et al. 2006 ) and since it has been shown in different 346
European smear cheeses that their bacterial communities were stable over time (Maoz et al. 
